Chinook salmon Oncorhynchus tshawytscha are the largest and farthest migrating of all Pacific salmon, and they have the most diverse set of life history strategies in terms of spawning migration timing. The diversity of this extraordinary anadromous salmonid is displayed by numerous populations, or runs, with various return times to freshwater for spawning (Groot and Margolis 1991) . In the Sacramento River watershed of California's Central Valley, there are at least four distinct runs that return from the Pacific Ocean to freshwater in winter, spring-summer, fall, and late fall (Banks et al. 2000) . We will focus on the two most abundant runs, fall and spring (Waples et al. 2004 ). Spring-run fish migrate to freshwater during April-May, whereas fallrun fish migrate in September-November. Both runs spawn in the fall, but by migrating earlier in the year during the snowmelt, the spring-run fish are able to access reaches that are not available to the fall run. These seasonal differences in return times can evolve in relatively few generations because of selective pressures from environmental effects (mainly water temperature) on the progeny of fish from different runs (Quinn et al. 2000) . The differences are thought to have arisen independently in each watershed due to parallel evolution (Waples et al. 2004) .
Although neither run feeds while in freshwater, fish from each run exhibit striking differences in reproductive physiology and behavior. Fall-run fish are already sexually mature when they enter freshwater; they migrate relatively short distances, and spawn in lower stretches of watersheds. In contrast, spring-run fish are not yet sexually mature upon entry into freshwater, and they usually migrate much farther upstream than fallrun fish. Spring-run fish remain in freshwater over the summer months before spawning in the fall. Spring-run fish maintain an ocean-like silver (''bright'') scale color and torpedo-like shape until the fall, whereas fall-run fish develop a brown or red skin color, humped back, [Note] and elongated snout while migrating (Groot and Margolis 1991) .
Although there are extensive historical records of differences in return time to freshwater for these different populations (Yoshiyama et al. 1998) , little is known about the molecular mechanisms resulting in differing physiology and behavior of the separate runs. Gonadotropin-releasing hormone (GnRH) has been studied extensively for its role in migration timing of chum salmon O. keta (Kudo et al. 1996) , masu salmon O. masou (Bhandari et al. 2003) , sockeye salmon O. nerka (Amano et al. 1998; Taniyama et al. 2000) , and coho salmon O. kisutch (Dickey and Swanson 2000) . The expression level of GnRH stimulates the secretion of sex steroid hormones, which in turn are differentially expressed according to developmental and environmental stimuli (Ando and Urano 2005) .
New technologies allow screens for genes of interest without a priori knowledge of biological mechanisms and may help to explore questions in fish biology. Specifically, techniques such as analysis of DNA microarrays (Schena et al. 1995) and serial analysis of gene expression (SAGE; Velculescu et al. 1995) allow detection and quantification of thousands of gene transcripts simultaneously from a given tissue. For example, a DNA microarray that was designed for Atlantic salmon Salmo salar by use of complementary DNA (cDNA) oligonucleotides (Rise et al. 2004 ) has been used to study differences in brain gene expression between fish displaying distinct reproductive strategies (Aubin-Horth et al. 2005a , 2005b .
Long SAGE (LongSAGE; Saha et al. 2002) , a variant of the original SAGE protocol, uses a 21-basepair (bp) sequence tag isolated from a messenger RNA (mRNA) molecule to uniquely identify the source gene from within the genome. Short sequence tags sampled from all mRNAs containing Nla III restriction enzyme recognition sequences are ligated together to form long concatenated molecules that are cloned and sequenced. Quantification of all tags provides a relative measure of gene expression (i.e., mRNA abundance). LongSAGE thus provides both the identity of expressed genes and levels of their expression.
In the present study, we used the sampling power of the LongSAGE technique to examine the expression levels of thousands of genes in the brains of fall-and spring-run returning adult Chinook salmon. By creating three LongSAGE libraries (from fall-run, spring-run, and ocean samples), we were able to investigate whether brain gene expression differs between Chinook salmon returning to freshwater in spring versus fall and which genes are differentially regulated. September 15 and 17, 2004, and between November 15 and 28, 2005 . Fall-run samples were harvested only if they displayed characteristics associated with sexual maturity (dark skin color, pronounced snout, humped back); springrun samples displayed a bright appearance similar to that of the ocean phase. All fall-and spring-run fish were captured between dawn and 1000 hours to reduce among-sample variability due to light effects and water temperature differences. Fish were killed immediately, and whole brains were dissected from the cranium as quickly as possible. Brain tissue was preserved in RNAlater (Ambion, Austin, Texas) and was stored at À208C. Brains were ground with tissue grinders and homogenized in Trizol Reagent (Invitrogen, Carlsbad, California) with glass-Teflon homogenizers according to manufacturer's instructions. The RNA samples were quantified and purity was checked using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, Delaware); presence or absence of RNA degradation was examined by electrophoresis on a 2% agarose gel.
Methods
Long serial analysis of gene expression.-Three LongSAGE libraries were constructed using 10 lg of total RNA from brains of one spring-run female, one fall-run female, and one ocean-caught female. The fallrun sample was collected in 2004; the spring-run and ocean samples were collected in 2005. Because pooling of samples increases the number of highly expressed mRNAs binding to the oligo(dT) beads and therefore can exclude weakly expressed genes (Morris et al. 2003) , libraries were constructed with individual samples to increase the probability of observing novel gene sequences. LongSAGE library construction and subsequent analysis used only RNA from the brains of female Chinook salmon.
LongSAGE libraries were constructed using the I-SAGE Long Kit protocol (Invitrogen) with the following modifications. LongSAGE concatemers were partially digested with Nla III (608C for 1 min) to decrease the prevalence of concatemer circularization after ditag ligation (Gowda et al. 2004 Davey et al. 2001 ) for tag-to-gene annotation. The EST contigs (sets of overlapping DNA segments) were annotated using BLASTX software to the National Center for Biotechnology Information (NCBI) nonredundant protein database. Open reading frames (ORFs) were called using Glimmer software (TIGR) on each contig, and each ORF was annotated using BLASTP software (Altschul et al. 1990 ). LongSAGE tags were assigned to contigs only by perfect 21-bp matches in the correct orientation, and LongSAGE tags with one-nucleotide mismatches were assumed to be real tags only if they mapped to a site where there was an existing LongSAGE tag. These cases were manually reviewed and added to the list of annotated LongSAGE tags if there was significant homology to known genes in other fish species. Those tags with no exact match in the EST database were then compared with all available genomic sequence data by BLASTN (Altschul et al. 1990 ). In some cases, multiple tags were mapped to the same gene. This phenomenon is possible due to inefficient digestion by Nla III, which results in a LongSAGE tag sequence that is not necessarily associated with the most 3 0 CATG site. With efficient digestion, Nla III cuts the most 3 0 CATG site of an mRNA molecule, resulting in a primary sense tag. The LongSAGE tags resulting from inefficient digestion by Nla III are designated as alternate sense tags but are annotated to the same gene in the EST reference database. Those tags without a match to an ORF, cDNA contig, or NCBI DNA database were considered unknown.
To assess the likelihood of putative differences in gene expression between libraries, we used the loglikelihood ratio statistic, R (Stekel et al. 2000) , which scores tags by departures from the null hypothesis of equal counts in each library given the total number of tags sampled from each library (Stekel et al. 2000) . Higher R-values indicate a greater probability of differential expression, whereas R-values near zero represent constitutive expression. An analysis described by Stekel et al. (2000) was conducted to establish a threshold for differential expression and highlight only putatively differentially expressed genes; only those tags with an R-value of 4 or greater were used for LongSAGE tag and reverse transcription polymerase chain reaction (RT-PCR) analysis.
Reverse transcription polymerase chain reaction.-Three samples, each from fall-and spring-run fish harvested in 2005, were used for RT-PCR. Separate samples were used for LongSAGE and RT-PCR. Total RNA was extracted as detailed above for LongSAGE and treated with DNase I (Sigma-Aldrich, St. Louis, Missouri; enzyme number 3.1.21.1, IUBMB 1992) to prevent DNA contamination. The RT-PCR analysis was performed using SuperScript III One-Step RT-PCR System (Invitrogen) with Platinum Taq DNA polymerase (Invitrogen; 2.7.7.7) according to the manufacturer's instructions. Primers were designed from EST sequence matched to the rainbow trout ependymin gene (NCBI accession number M93697) and the Chinook salmon glyceraldehyde-3-phosphate dehydrogenase (1.2.1.12) gene (GAPDH*; AB177405). Both forward and reverse gene-specific primers were used at a concentration of 10 lM. For ependymin, the forward primer was 5 0 -CCCTCCAC-GAGAAGATGCAG-3 0 and the reverse primer was 5 0 -GGCCCTCAGGAGCCTCCT-3 0 ; for GAPDH*, the forward primer was 5 0 -CGCCTACACCGCCACCCA-3 0 and the reverse primer was 5 0 -CGCGGTGGCT-GTAGCCAAA-3 0 . The RT-PCR reactions (total ¼ 25 lL) contained 12.5 lL of 2X Reaction Mix (Invitrogen), 2.5 lL of total RNA (20 ng/lL), 8 lL of H 2 O, 1 lL of reverse transcriptase (2.7.7.49)-Taq polymerase mix (Invitrogen), 1 lL of forward primer, and 1 lL of reverse primer. We performed cDNA synthesis at 558C for 30 min. The PCR cycling conditions were (1) 1 cycle at 948C for 2 min and (2) 30 cycles at 948C for 15 1380 BERNIER ET AL. s, 608C (ependymin) or 638C (GAPDH*) for 30 s, and 688C for 45 s. Aliquots were taken at cycle 12, 18, 24, and 30 and were visualized with ethidium bromide staining on a 2% agarose gel. The RT-PCR of GAPDH* was performed to control for equal loading of PCR product among samples.
Results

Long Serial Analysis of Gene Expression
After correcting for sequencing error, 81,298 LongSAGE tags with 9,080 unique tag sequences were obtained; 25,512-29,372 LongSAGE tags were obtained from each library, and 6,671-7,250 unique tags/ library were detected (Table 1) . Of these tag sequences, 2,822 (31%) were observed at least once in all three libraries (data not shown). After automated and manual annotation of LongSAGE tag sequences using salmonid cDNA libraries, 6,544 (72.07%) matched solely to the NCBI DNA database, 1,224 (13.48%) were considered unknown, 606 (6.67%) matched to called ORFs in our reference EST database, 274 (3.01%) matched cDNA contigs with no ORF call, 221 (2.43%) were manually matched to publicly available sequence data, and 211 (2.32%) had multiple matches in the cDNA reference database and were considered unresolved (data not shown). All SAGE data were deposited to GenBank's Gene Expression Omnibus database (accession number GSE6009).
To organize and analyze the LongSAGE tags between libraries, we counted each tag's abundance in the two libraries being compared. By grouping the libraries according to the physical state of the fish or the season of sampling, we were able to analyze and filter the data to make more-valid biological comparisons of LongSAGE counts (Figure 1 ).
We first compared tag counts in the fall-and springrun libraries to those of the ocean library. This allowed analysis of genes differentially regulated between freshwater and ocean samples ( Figure 1A ). We first generated lists of tags that were differentially expressed (R . 4) between the fall-or spring-run library (freshwater samples) and the ocean library. Of the 40 tags on this list, 7 were upregulated in the freshwater samples and 28 were downregulated (Table 2 ). Of the tags that were upregulated in the freshwater samples, three were annotated as the ependymin gene, which is strongly expressed in fish brain tissue (the product is an extracellular glycoprotein involved in fish behavioral plasticity; for review, see Shashoua [1977 Shashoua [ , 1991 ). Tags annotated as the C-type natriuretic peptide gene or the fatty acid binding protein H6-isoform gene were all upregulated in the freshwater samples. The C-type natriuretic peptide is a regulator of salt concentration in the blood (Tervonen et al. 1998) , and fatty acid binding protein H6 is believed to be involved in the uptake of long-chain fatty acids (Stewart 2000) . Of the tags that were downregulated in the freshwater samples, eight were annotated to mitochondrial genes, including the cytochrome-c oxidase subunit 1 (COX1*), cytochrome-c oxidase subunit 3, and NADH dehydrogenase genes (Table 2) . Additional genes that were downregulated in the freshwater samples included those for a-tubulin (a major component of microtubules), myelin (part of a sheath that insulates neurons), and short-chain dehydrogenase-reductase (a member of a large family of proteins that reduce many different substrates; Jornvall et al. 1995) . We were also interested in identifying potential genes influencing migration timing between the fall and spring runs on the Feather River. That is, we wanted to investigate whether expression of a particular gene influences a Chinook salmon to migrate in spring rather than fall. We only considered for analysis those genes that were differentially regulated between freshwater and ocean samples (Table 2) . We then generated a list of tags that were differentially regulated (R . 4) between the fall-and spring-run libraries and cross-checked the list with that given in Table 2 ( Figure  1A . Only tags that were present on both lists were designated as differentially regulated after correcting for freshwater effects (Table 3) . Tables 2 and 3 both include tags for COX1* and the ependymin gene, because these tags were the two most differentially regulated among the three libraries. Eleven tags were differentially expressed between the fall-and springrun libraries. The four tags that were upregulated in the spring-run library included annotations to COX1* and myelin basic protein, as well as two tags that could not be annotated (Table 3) . Of the seven tags that were upregulated in the fall run, only two (annotated to ependymin and an unknown gene) were not annotated to a globin gene (Table 3) .
The spawning condition of fall-run samples also allowed analysis of genes that were differentially expressed in fish preparing to spawn. The analysis of LongSAGE tags was conducted as described above with the following modifications. We first generated a list of differentially expressed genes (R . 4) between the fall-run and ocean-sample libraries and between the fall-and spring-run libraries. From the two primary lists under comparison, we created a subset consisting of only those tags that matched between primary lists ( Figure 1B ). This subset contained 51 tags that were differentially expressed in the fall-run library relative to the spring-run or ocean library. Of the tags in this subset, 39 tags were upregulated and 12 tags were downregulated in the spawner sample. Of the upregulated tags, 16 were annotated as ribosomal protein or ribosomal RNA genes; five tags annotated to globin genes were all upregulated in the spawner library, and five tags annotated to egg protein genes (vitellogenin, vitelline envelope protein, and zona radiata) were all found uniquely in the fall-run library (Table 4) . Annotation of the six remaining tags that were upregulated in the spawner library included antifreeze protein, which depresses the serum freezing point in teleost fish (Ewart et al. 1999) ; melanin concentrating hormone 2, a regulator of pigment change (Baker 1991) ; precerebellin-like protein, which is of unknown function but may be part of immune response (Bayne and Gerwick 2001) ; and 14-kilodalton apolipoprotein, a lipid-binding protein.
Of the tags that were downregulated in the spawner library, five were annotated to mitochondrial genes (Table 3 ). The four remaining downregulated tags were annotated to GAPDH* (an enzyme involved in glycolysis), btubulin (a component of microtubules), myelin basic protein, and a hypothetical protein product from zebrafish (Table 4) .
Reverse Transcription Polymerase Chain Reaction
A tag annotated to ependymin was one of the most variably expressed tags among all three LongSAGE libraries (Tables 2-4) . To verify the relative expression of ependymin between the fall-and spring-run libraries, we conducted RT-PCR on three samples from each run. Unfortunately, lack of additional ocean samples prevented RT-PCR for this group. Ependymin was more strongly expressed in all three fall-run samples than in spring-run samples, whereas the constitutively expressed GAPDH* showed equal expression in all samples (Figure 2 ).
Discussion
The molecular mechanisms controlling salmon spawning and migration times are largely unknown. In this work, we have constructed the first LongSAGE libraries for Chinook salmon and compared differences in brain gene expression between fish of differing physiological condition that were sampled during different freshwater migration seasons and at different salinity levels. The LongSAGE libraries yielded novel expressed sequences from Chinook salmon, which may be useful in future studies of salmonid migration, behavior, and physiological changes during the transition from ocean to freshwater. Furthermore, we have demonstrated that LongSAGE can identify genes that are differentially expressed in Chinook salmon, and this differential expression can be subsequently verified by RT-PCR.
That ependymin exhibits stronger expression in the fall run than the spring run is an interesting observation. Ependymin has long been thought to be an effector of long-term memory potentiation in fish (for review, see Shashoua [1977 Shashoua [ , 1991 ). Injection of ependymin antibodies into the brains of trained zebrafish caused significant loss of the retention of a learned behavior (Pradel et al. 1999 ). In our study, the relative level of ependymin expression in the brains of Chinook salmon was lowest in the ocean sample, intermediate in the spring run, and highest in the fall run (Table 2 ). All salmon display spawning site fidelity and tend to FIGURE 2.-Comparison of reverse transcription (RT) polymerase chain reaction (PCR) analysis results for the ependymin gene of fall-(F) and spring-run (S) Chinook salmon (n ¼ 3 samples/run) collected from the Feather River, California. The RNA samples were prepared by the same methods used for long serial analysis of gene expression. After RT and 30 PCR cycles, amplified DNA was run on a 2% agarose gel. For each sample, control reactions were performed using primers for the glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH*). (Quinn 1993) . Although fish from both the spring and fall runs were migrating, the fall-run samples were ripe (ready to spawn immediately), while the spring-run samples were not yet sexually mature. If ependymin does play a role in Chinook salmon homing, it is either (1) more strongly expressed in fall run fish or (2) more highly expressed as all Chinook salmon approach spawning. Because ependymin has been shown to be involved in memory formation, it may have a role in the homing and spawning of Chinook salmon. Our comparison of LongSAGE tag counts between freshwater and ocean samples suggests a change in brain metabolism during the ocean-to-freshwater transition. Salmon feed in the ocean and abruptly stop feeding upon entry into freshwater, and they use stored fats and muscle as energy during the freshwater spawning migration (Bardonnet and Baglinière 2000) . It is thought that salmon use glycolysis for energy production in the ocean phase and for the metabolism of fat and protein during migration and spawning. In our comparison of freshwater and ocean samples, mitochondrial gene expression was clearly downregulated in the freshwater samples, whereas the fatty acid binding protein H6-isoform gene was upregulated (Table 2) . These results reflect the changes in gene expression necessary for migration from salt water to freshwater.
The primary advantage of using LongSAGE is the discovery of novel and rare transcripts (Chen et al. 2002b; Sun et al. 2004) . Microarrays, on the other hand, only quantify transcripts at genes that are physically placed on the array; therefore, microarrays may miss unidentified transcripts that are not printed on the array (Lu et al. 2004) . LongSAGE simply captures RNA directly from samples, without construction of cDNA libraries or spotting of microarray chips. Although genome information is useful in annotation, one can build LongSAGE libraries without prior knowledge of the genome of interest (Velculescu et al. 1995) . LongSAGE samples most of the transcriptome (polyadenylated RNA with an Nla III restriction site), but lack of genomic sequence data can result in many LongSAGE tags of unknown origin (Pleasance et al. 2003) . In the present study, 1,224 tag sequences could not be annotated to known genes, and 23 of these sequences were differentially expressed. This finding is unsurprising because, in contrast to model organisms, there is a relative lack of genomic and expressed sequence data available for Chinook salmon.
The sensitivity of LongSAGE can be seen in the effect of small sample size on tag counts. We found that GAPDH*, which is commonly used as control for equal DNA and protein loading, was differentially expressed between fall-and spring-run fish after LongSAGE. However, RT-PCR of more samples showed equal expression of GAPDH* between runs, as expected. This highlights the need for downstream verification of high-throughput gene expression analysis, especially when using libraries made from a single individual. We demonstrated with RT-PCR analysis that the expression pattern of ependymin is consistent between LongSAGE and RT-PCR. Although sampling of individual fish with LongSAGE may allow the discovery of rare transcripts, more-downstream verification of differential gene expression is needed. Alternatively, constructing libraries of many pooled samples may reduce random sampling error, but the risk is that only highly transcribed genes may be observed.
Overall, the LongSAGE in our study provides a window on Chinook salmon gene expression changes in response to migration and spawning. These 9,080 novel LongSAGE tags significantly increase the pool of Chinook salmon cDNA that is already sequenced. If the Chinook salmon genome or a broader sampling of ESTs is sequenced, a more-accurate annotation of these LongSAGE tags should be possible. Techniques such as 5 0 and 3 0 rapid amplification of cDNA ends (Chen et al. 2002a; Hwang et al. 2004 ) can use LongSAGE tags as primers to amplify full-length cDNA, allowing annotation of LongSAGE tags with interesting expression profiles and exploration of the functional importance of their source genes in Chinook salmon migration and spawning timing.
